We investigate the deuteration of methanol towards the high-mass star forming region NGC 7538-IRS1. We have carried out a multitransition study of CH 3 OH, 13 −4 and (10±4)×10 −4 , respectively. This finding is consistent with the hypothesis of a shorttime scale formation during the pre-stellar phase. We find a relative abundance ratio CH 2 DOH/CH 3 OD of 3.2 ± 1.5. This result is consistent with a statistical deuteration. We cannot exclude H/D exchanges between water and methanol if water deuteration is of the order 0.1%, as suggested by recent Herschel observations.
Introduction
Observational studies of deuterated molecules are powerful ways to probe the chemical and physical evolution of star-forming regions. Indeed, many of the organic species that are abundant constituents of molecular clouds are synthesized in the cold prestellar phase (see Caselli & Ceccarelli 2012 , for a review). At low temperatures, the difference in zero-point energy between deuterated molecules and their hydrogenated counterparts (about 1000 K for methanol and its singly deuterated flavors, Nandi et al. 2018 ) makes it possible for deuterated species to be formed with significantly higher relative abundances than the elemental D/H ratio (∼10 −5 , see e.g. Ceccarelli et al. 2007; Caselli & Ceccarelli 2012; Ceccarelli et al. 2014) . These enhanced abundance ratios can be preserved as the protostar heats the gas to temperatures large enough (≥100 K) to evaporate the ice mantles. Thus, studies of molecular D/H ratios can provide strong insight into the physical history of star-forming regions along with information on the chemical routes through which the molecular content is formed. Deuterium fractionation in low-mass star-forming regions has been the subject of significant study (e.g., see Roberts et al. 2002; Parise et al. 2006; Ratajczak et al. 2011; Jørgensen et al. 2018) . These sources have shown remarkably high enhancements of deuterated molecules, including even doubly and triply deuterated species (e.g. ND 3 , CD 3 OH), which, in some cases, occur at abundances 12-13 orders of magnitude higher than elemental abundance would suggest (Lis et al. 2002; Parise et al. 2002 Parise et al. , 2004 . Regarding high-⋆ This paper is dedicated to the memory of our dear colleague, Dr. Li-Hong Xu, who recently passed away. mass star forming regions, only a few observations of deuterated molecules have been performed so far (e.g. Jacq et al. 1993; Ratajczak et al. 2011; Peng et al. 2012; Neill et al. 2013b ,a) the best studied high-mass source of deuterated molecules being the Orion KL nebula. Low levels of fractionation are typically observed, consistent with molecular formation at higher temperatures; alternatively, warm gas-phase chemistry could alter the D/H ratio in high-mass regions during the post-evaporative phase. Interestingly enough, from chemical modelling using experimental kinetic data, Faure et al. (2015a) suggested that the D/H ratio measured in Orion-KL might not be representative of the original mantles due to deuterium exchanges between water and methanol in interstellar ices during the warm up phase. The study of the abundance ratio of the deuterated isotopologues methanol (CH 3 OD/CH 2 DOH) could give access to the initial deuteration of water ices before the warm up phase sets in. Nonetheless, taking into account the limited number of observations of deuterated species in high-mass star-forming regions, the extent to which the D/H ratios observed toward Orion KL are representative of high-mass sources chemistry is uncertain. Bøgelund et al. (2018) have recently reported low deuteration levels of methanol towards the HMSFR NGC6334 I, with typical values in the range of 0.01-1% for both CH 2 DOH and CH 3 OD. Large uncertainties on the column densities, of a factor of 4 to 10 depending on the species remain however, which prevent any robust conclusions on the CH 2 DOH/CH 3 OD ratio and the initial ice composition. Further observations of a sample of high-mass sources are thus required for comparison between sources and for improving our understanding of the chemistry that creates organic molecules with significant deuterium frac-A&A proofs: manuscript no. ms-ngc7538_arxiv tionation (in particular, the roles of grain-surface and gas-phase reactions).
In this study, we investigate the D/H ratio for methanol (CH 3 OH, CH 2 DOH and CH 3 OD) towards the high-mass form- Bisschop et al. 2007; Beuther et al. 2012) , which is known to harbour high abundances of organic molecules, including methanol (e.g Bisschop et al. 2007; Wirström et al. 2011) . Results are given in Section 3 and discussed in Section 4.
Observations and data reduction
The data were acquired with the IRAM 30-m telescope on 2013 December 5, 6 and 10 towards NGC 7538-IRS1 with a single pointing (α J2000 =23 . The observations were taken in position switching mode, using a reference for the OFF position at [−600
The EMIR receiver at 1 mm was used in connection with the Fourier transform spectrometer (FTS) as backend, providing a spectral resolution 195 kHz. The spectral resolution was subsequently degraded to 780 KHz, which corresponds to about 1 km s
, in order to improve the signal-to-noise ratio of the data. The following frequency ranges were covered: 212. GHz. The halfpower beam sizes are 10 ′′ and 12
′′
for observations at 250 GHz and 212 GHz, respectively.
The data were reduced using the CLASS90 package from the GILDAS software ). Finally, the data presented some spurs along with standing waves, which have been removed during the data reduction. In this paper, we focus on methanol and its deuterated flavors.
The spectroscopic parameters of the targeted lines are given in Appendix A (see Tables A.1 to A.4). More specifically, we used the spectroscopic data parameters 3 from Xu & Hougen (1995a,b) , Xu & Lovas (1997) , Xu et al. (2008) and Müller et al. (2004) for CH 3 OH. The parameters for CH 2 DOH come from Pearson et al. (2012) and that for 13 CH 3 OH are from Xu & Lovas (1997) ; Xu et al. (1996 Xu et al. ( , 2008 Xu et al. ( , 2014 . Regarding CH 3 OD, we used the same unpublished data as Neill et al. (2013a) used for analysing the HIFI/Herschel observations of Orion-KL. Nonetheless, the CH 3 OD partition functions we use in the present study (see also, Walsh et al. 2000) are given in Appendix B. Finally, collisional rates are assumed to be identical to those of CH 3 OH and taken from Rabli & Flower (2010 (CDMS Müller et al. 2005) and/or at the JPL catalog (Pickett et al. 1998) . ) and the peak intensity velocity (mean v LS R = 58.6 ± 0.6 km s
−1
). We note that the scatter on the peak velocity lies within 1 element of spectral resolution (1 km s −1 ), which makes us confident with the line assignations. In addition, if we take into account the pointing uncertainties (typically 1 ′′ -2 ′′ ), the observed scatter in emission velocity peak is consistent with the large velocity gradient observed within the source by Beuther et al. (2012, and their Fig. 8) . Figure 1 show a montage of 2 detected transitions probing different excitation energies of 
LTE analysis
The physical properties (excitation temperature, column densities) of the methanol species were obtained from a population diagram analysis of their Spectral Line Energy Distribution (SLED). In the present study, we assume a source size of 3.8
′′
, that corresponds to the ice evaporation region (see Bisschop et al. 2007 ). The derived column densities are therefore determine and given for a source size 3.8 ′′ . We estimate the line opacities, under Local Thermodynamical Equilibrium (LTE) conditions following Goldsmith & Langer (1999, see) . We conclude that the 13 CH 3 OH, CH 2 DOH and CH 3 OD emission are optically thin with τ 0.03. We note that most of the transitions associated with the main methanol isotopologue are optically thick with τ(CH 3 OH) ≥ 1. As a consequence, we cannot determine with an accurate enough precision the excitation temperature and the column density of the 12 CH 3 OH. We therefore exclude the analysis of the 12 CH 3 OH for the present study. Figure 2 shows the population diagrams that are all well fitted by a single rotational temperature. More specifically, the population diagram analysis of Table 1 . Physical properties of methanol isotopologues: rotational temperature and column density. A source size of 3.8" was adopted. . Regarding CH 2 DOH, we estimate a rotational temperature similar to that of 13 C methanol, T rot = 153 ± 75 K, and a column density N(CH 2 DOH) of (1.
. For CH 3 OD we derive a lower rotational temperature: T rot = 103 ± 54 K (112 ± 18 K) for both the E-and A-forms. Nonetheless, within the error bars, the derived rotational temperatures for the deuterated methanol flavors are in agreement with the one of the 13 C isotopologue. The derived column densities of both E-and CH 3 OD-A are comparable with N(CH 3 OD-E) = (1.7 ± 0.6) × 10 . We note that the computed total CH 3 OD column density is commensurate within the error bars to that found if we treat both substates (E-and A-) simultaneously (see Fig. 2 ).
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non-LTE analysis
The present section aims to verify whether the apparent LTE distribution of the CH 3 OD targeted transitions is consistent with non-LTE conditions along with the derived densities and temperatures. For this purpose we have combined the (unpublished) spectroscopic data of CH 3 OD (energy levels and radiative rates) with the collisional rate coefficients computed by Rabli & Flower (2010) for the rotational excitation of CH 3 OH by H 2 . We thus assumed that the -OH H/D substitution has a negligible impact on the scattering dynamics (the change in reduced mass is only 0.2%). The coupled statistical equilibrium-radiative transfer equations were then solved using the RADEX code (van der Tak et al. 2007) .
Assuming a source size of 3.8 ′′ and a line-width of 4 km s −1 , we ran a grid of models for the following gas densities n=10 . The latter is commensurate with the one derived by Beuther et al. (2012) from PdBI observations as well as that derived by Bisschop et al. (2007) from JCMT observations. Our best fits are obtained for a CH 3 OD column density of about ≃ 3 × 10 14 cm −2 , a temperature 100-150 K, both consistent with our LTE analysis.
Discussion

D/H in methanol
As can be seen in Table 2 , the fractionation degree of singly deuterated methanol is low in NGC 7538-IRS1, with relative 
Water and HDO
Water does not exhibit the same level of fractionation as methanol in low-mass star-forming regions, with a HDO/H 2 O lying in the range 0.01-0.07 (Liu et al. 2011; Parise et al. 2005 Parise et al. , 2006 Ratajczak et al. 2011; Coutens et al. 2012; Faure et al. 2015a) . However, in Orion-KL water and methanol seem to be fractionated to a similar extent (Neill et al. 2013a) . This is likely the result of recent desorption from ice mantles (see further details on thermal H/D exchanges between water and methanol during the warm-up phase in Faure et al. 2015a ).
Although only the HDO (2 2,0 -3 1,3 ) transition is detected in our data, as shown in Fig. 1 , we can roughly estimate the D/H ratio for water combining our result to that of different studies. Indeed, combining the observed HDO integrated flux (∼ 0.8±0.1 K km s ) to the ones measured by Jacq et al. (1990) for the (3 1,2 -2 2,1 ) and (2 1,1 -2 1,2 ) transitions and, assuming a source size of 3.8 These findings show that the water emission source size gives strong constraints on the deuteration ratio. Therefore, further interferometric observations of water and its isotopologues are clearly needed to investigate in more detail water fractionation in this source.
Comparison with other sources
We have reported in Fig. 4 the relative CH 2 DOH/CH 3 OD abundance ratio measured towards a large sample of star forming regions, from low-to high-mass, ordered from left to right by increasing source luminosity. It is immediately apparent that there is a 2 orders of magnitude variation between the sources. More specifically, in low-mass star forming regions, methanol deuteration strongly favors the methyl group (CH 2 DOH) by far more than the statistical factor (3), whereas in high-mass the opposite trend is observed. 4 . CH 2 DOH/CH 3 OD ratios observed towards low (yellow), intermediate (red) and high mass (blue) star forming regions: IRAS16293-2422 (Parise et al. 2002; Jørgensen et al. 2018 ), IRAS4A, IRAS2, IRAS4B (Parise et al. 2006) , SVS13A (Bianchi et al. 2017) , CepE-mm (Ratajczak et al. 2011 ), OMC2-FIR4 (Ratajczak et al. 2011) , Orion CR (Neill et al. 2013a ), Orion Irc2, W3(H2O), SgrB2(N2) (Belloche et al. 2016) , NGC 7538-IRS1 (this work; blue and white stripes) and NGC6334I (Bøgelund et al. 2018) . We note that values derived by Parise et al. (2006) and Ratajczak et al. (2011) were divided by a factor of 2 and 1.5, respectively, due to a spectroscopic issue (see Belloche et al. 2016) . The dashed red line shows the statistical factor CH 2 DOH/CH 3 OD = 3.
Modelling
The value of the abundance ratio CH 2 DOH/CH 3 OD toward NGC 7538-IRS1 is 3.2 ± 1.5, in good agreement with the value of 3 predicted by grain chemistry models (e.g. Charnley et al. 1997; Osamura et al. 2004) . In these models, the deuterium fractionation of methanol proceeds in the ice during the early cold prestellar phase through the statistical addition of H and D atoms on CO molecules and the ratio s-CH 2 DOH/s-CH 3 OD is equal to the statistical value of 3. More recent and sophisticated models also predicts a ratio close to 3 (e.g. Bøgelund et al. 2018 ). These models however neglect processes occurring in the subsequent warm-up phase. In particular, Faure et al. (2015a) have shown that the s-CH 2 DOH/s-CH 3 OD ratio can change during this phase as a result of H/D exchanges between the hydroxyl (-OH) functional groups of methanol and water (see details in Faure et al. 2015b ). This scenario was successful in explaining both the high value (>3) of the CH 2 DOH/CH 3 OD abundance ratio towards the low-mass protostar IRAS 16293-2422 and the low-value (<3) measured towards Orion (see Fig. 4 ).
We have adapted the model of Faure et al. (2015a) to the conditions of NGC 7538-IRS1. First, the density was taken as n H = 2 × 10 8 cm −3 and the (equal) gas and dust temperatures as T = 100 K. The methanol abundance (by number) relative to water is 4% (Öberg et al. 2011; Boogert et al. 2015) and the mean water abundance is 5 × 10 −5 n H . The accreting D/H ratio is inferred from the observed CH 2 DOH/CH 3 OH ratio (see Table 2) as α m = 1.1 × 10 −3 , assuming that the initial (statistical) deuteration of CH 2 DOH in the ice is conserved during the hot core phase. The post-evaporative gas-phase chemistry is also entirely neglected (full details can be found in Faure et al. 2015a ).
The results of the model are plotted in Fig. 5 : it is found that the observed CH 2 DOH/CH 3 OD ratio of 3.2 ± 1.5 can be reproduced for a solid s-HDO/s-H 2 O ratio in the range ∼ 8 × 10 −4 − 2 × 10 −3 . Thus, while the CH 2 DOH/CH 3 OD ratio of 3.2 ± 1.5 is consistent with a statistical deuteration, the occurence of H/D exchanges cannot be excluded. In particular, it should be noted that H/D exchanges can explain the range of values depicted in Fig. 4 , that is CH 2 DOH/CH 3 OD ratios in the range ∼ 0.1 − 10. To our knowledge, this is currently the unique mechanism able to explain the non-statistical deuteration of methanol in both low-and high-mass protostars.
Conclusions
To summarize, we have investigated the deuteration of methanol in the high-mass star forming regions NGC 7538-IRS1 using IRAM-30m observations. Our study shows that the fractionation degree of deuterated methanol is low in this source. From the numerous (≥10) detected lines, we estimate a CH 2 DOH/CH 3 OD relative abundance ratio of 3.2 ± 1.5. Although our findings are commensurate with statistical deuteration at the icy surface of grain mantles, we cannot exclude H/D exchanges between water and methanol at the present time. Further observations of water and HDO are required to address this point. Tables A.3 to A.4 for the observational line parameters) along with our LTE modelling.
Appendix A: Spectroscopic and Observational line parameters
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